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ABSTRACT 

A method o f  d i r e c t  de termina t ion  o f  t h e  organ ic  s u l f u r  con ten t  o f  s o l i d  
f o s s i l  f u e l s  has been developed u s i n g  t h e  t ransmiss ion  e l e c t r o n  microscope. The 
technique uses the  d e t e c t i o n  o f  t h e  k l i n e  o f  s u l f u r  t o  measure t h e  presence o f  
s u l f u r  and t h e  volume from which t h i s  r a d i a t i o n  comes i s  measured u s i n g  t h e  
bremsstrahlung r a d i a t i o n  counted simultaneously w i t h  t h e  s u l f u r  l i n e .  
App l ica t ions  have been made t o  t h e  organic s u l f u r  con ten t  o f  whole and t r e a t e d  
coals,  t o  amber and t o  kerogen i n  o i l  shale. 
i t s  a b i l i t y  t o  measure the  v a r i a t i o n  o f  o rgan ic  s u l f u r  con ten t  over extremely f i n e  
distances. 

The g r e a t e s t  value o f  t h e  method i s  

INTRODUCTION 

S u l f u r  i s  found i n  coal  i n  two p r i n c i p a l  forms: minera l  s u l f u r  ( p r i n c i p a l l y  
p y r i t e s )  and organic s u l f u r  d i s t r i b u t e d  through t h e  carbonaceous mat te r .  The 
convent ional  method o f  de termina t ion  o f  t h e  organic s u l f u r  con ten t  i s  a two s t e p  
process (1). F i r s t ,  t o t a l  s u l f u r  i s  measured. Then t h e  p y r i t i c  and s u l f a t i c  
s u l f u r  i s  determined a f t e r  s e l e c t i v e  d i s s o l u t i o n  o f  t h e  minera ls  w i t h  acids.  
organic s u l f u r  i s  c a l c u l a t e d  as t h e  d i f f e r e n c e  between t h e  t o t a l  s u l f u r  and t h e  
mineral  s u l f u r .  
sound when app l ied  t o  raw coa ls ,  b u t  t h e r e  may be problems w i t h  a n a l y s i s  o f  
chemica l l y  processed c o a l s  (2,3). 
average s u l f u r  concent ra t ion  and i s  unable t o  d i s t i n g u i s h  among p o s s i b l e  
v a r i a t i o n s  e i t h e r  s p a t i a l l y  o r  among the  maceral types. 

o f  organic s u l f u r  i n  coal  which does no t  depend upon t h i s  d i f f e r e n c e  technique. 
These methods have commonly u t i l i z e d  the  x-ray emission l i n e s  o f  s u l f u r  t o  d e t e c t  
i t s  presence and have used a v a r i e t y  o f  s t a n d a r d i z a t i o n  techniques t o  p r o v i d e  
numerical data and t o  d i f f e r e n t i a t e  among t h e  v a r i e t y  o f  s u l f u r  forms which may be 
present. Several e a r l i e r  papers have descr ibed these techniques (4-11). Pmong 
them, t h e  ex tens ive  work o f  Raymond and Gooley and o f  Straszheim and Greer should 
be e s p e c i a l l y  noted. The r e s o l u t i o n  o f  these techniques u s i n g  e i t h e r  t h e  e l e c t r o n  
microprobe o r  t h e  S E M  i s  about 5 p ,  so t h e  volume of  each measurement i s  immensely 
l e s s  than t h a t  o f  the  standard ASTM technique. 
us ing  t h e  microprobe o r  SEM ins t ruments  does r e q u i r e  t h e  averaging over a number 
o f  i n d i v i d u a l  observa t ions  t o  take  account o f  p o s s i b i l i t y  o f  v a r i a b i l i t y  i n  
organic s u l f u r  content f rom p l a c e  t o  p lace  i n  t h e  coa l .  

We have extended t h i s  e l e c t r o n - o p t i c a l  technique t o  even f i n e r  s p a t i a l  
r e s o l u t i o n  u s i n g  t h e  t ransmiss ion  e l e c t r o n  microscope. The specimens a r e  e i t h e r  
f i n e l y  d i v i d e d  powders o r  f o i l s  o f  coa l  which are t h i n  enough t o  be p r a c t i c a l l y  
t ransparent  t o  t h e  e l e c t r o n  beam. The technique has been adapted from methods 
developed by H a l l  and h i s  c o l l a b o r a t o r s  f o r  measurement o f  o r g a n i c a l l y  dispersed 
elements i n  b i o l o g i c a l  t i s s u e  (12-15). We have developed a p p l i c a t i o n s  o f  the  
technique, standardized t h e  method f o r  our  microscope and have presented f i r s t  
r e s u l t s  i n  a p u b l i c a t i o n  i n  Fuel (16). 
fea tures  o f  t h e  technique here. 

The 

This commonly used ASTM procedure (method 0 2492) i s  apparent ly  

Furthermore, t h i s  method prov ides  on ly  an 

A number o f  i n v e s t i g a t o r s  have examined t h e  p o s s i b i l i t y  o f  d i r e c t  measurement 

Determinat ion o f  average values 

We r e f e r  o n l y  b r i e f l y  t o  t h e  c h i e f  
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THE TEM MTHOD 

The geometry o f  t h e  measurement i s  sketched i n  Fig. 1.  An e l e c t r o n  beam i s  
i n c i d e n t  upon a c o a l  f o i l  which i s  l e s s  than 1 
atoms i n  the  i r r a d i a t e d  volume cause t h e  emission o f  c h a r a c t e r i s t i c  x-ray l i n e s  
which can be counted by  an approp r ia te  de tec to r .  A t  t h e  same t ime, t h e  background 
r a d i a t i o n  i s  counted f rom t h e  same volume. The Ka l i n e  o f  s u l f u r  has an energy o f  
about 2300 eV and we measure t h e  bremsstrahlung r a d i a t i o n  over  the range 10-18 
keV; a t y p i c a l  spectrum i s  sketched i n  Fig.  2. 
o f  t he  volume being i r r a d i a t e d  by t h e  e lec t rons  i s  s imp ly  r e l a t e d  t o  t h e  r a t i o  o f  
these two count  r a t e s :  

t h i c k .  I o n i z i n g  c o l l i s i o n s  w i t h  

The organic  s u l f u r  concen t ra t i on  

We have found t h i s  equat ion t o  be w e l l  s a t i s f i e d  f o r  t h i n  specimens and have 
determined t h e  p r o p o r t i o n a l i t y  constant  A u s i n g  known s u l f u r  standards. 
For our  inst rument  and t h e  geometry o f  ou r  de tec to r ,  A has t h e  value 1.6. 
Th is  number va r ies  s l i g h t l y  among t h e  coa ls  because the  bremsstrahlung r a d i a t i o n  
i s  somewhat dependent on t h e  C/O r a t i o  i n  the  hydrocarbon ma t r i x .  
Th is  v a r i a t i o n  i s  s l i g h t  however, be ing  on ly  a few percent  f o r  coa ls  from t h e  sub- 
bituminous t o  a n t h r a c i t e  range. 

We emphasize t h a t  success o f  t h e  method i s  achieved on ly  i f  t h e  coal  f o i l  i s  
t h i n  enough t h a t  t h e  e l e c t r o n  beam i s  e s s e n t i a l l y  undimin ished i n  pass ing through 
t h e  f o i l  so t h a t  the i n t e n s i t y  o f  i o n i z a t i o n  o f  t h e  elements i n  t h e  coal  i s  
un i fo rm throughout  t h e  i r r a d i a t e d  volume. 
s u l f u r  l i n e  o r  t he  bremsstrahlung r a d i a t i o n  should occur i n  t h e  specimen. 
coal  f o i l s  l e s s  t h a n  1 p i n  th ickness,  these c o n d i t i o n s  a re  amply met. 

' 

Furthermore no abso rp t i on  o f  e i t h e r  t h e  
For 

APPLICATIONS TO COAL 
Measurement o f  t he  Average Organic S u l f u r  Content 

We have t e s t e d  t h e  technique u s i n g  a h igh  organic  s u l f u r  bituminous coal  and 
a low organic  s u l f u r  a n t h r a c i t e .  Ten t h i n  f o i l s  f rom each c o a l  were prepared and 
f i v e  measurements were made on each f o i l .  The t o t a l  o f  f i f t y  measurements f o r  
each coal  i s  averaged t o  g i v e  the  o rgan ic  s u l f u r  content .  The o rgan ic  s u l f u r  
content  o f  a t h i r d  coa l ,  a l ow  s u l f u r  bituminous, was determined by examining the 
s u l f u r  con ten t  o f  powdered macerals. The graph i n  Fig. 3 shows t h a t  r e s u l t s  from 
t h i s  method compare very w e l l  w i t h  those from t h e  s tandard ASTMmethod f o r  these 
th ree  coals .  
e lec ted  t o  u t i l i z e  t h e  most va luable f e a t u r e  o f  t h i s  technique,  namely the  s p a t i a l  
v a r i a t i o n .  

We c o u l d  make a d d i t i o n a l  measurements o f  t h i s  type, b u t  we have 

Spa t ia l  V a r i a t i o n  o f  t h e  Organic S u l f u r  Content 

A measurement was made over a coal  maceral (presumably v i t r i n i t e )  i n  an 
I l l i n o i s  rY5 coal .  
about 2.6 w t %  o rgan ic  s u l f u r  w i t h  a v a r i a t i o n  o f  about 25% about t h i s  mean. A t  one 
p o i n t  i n  the  maceral a s l i g h t  excurs ion away from t h e  edge showed a much h ighe r  
organic  s u l f u r  con ten t  local l .y,  some 3.5%. 

around minera l  p a r t i c l e s  i n  coal ,  and f i n d  some v a r i a t i o n .  
sure t h a t  t h a t  v a r i a t i o n  was no t  a f u n c t i o n  of the maceral t y p e  i n  which t h e  
mineral was located,  r a t h e r  than be ing  due t o  t h e  mere presence o f  a minera l .  
Consequently, we need t o  c a r r y  out a d d i t i o n a l  work t o  show t h e  f a c t o r s  on which 
t h i s  v a r i a t i o n  depends. I n  p a r t i c u l a r ,  we a re  i n t e r e s t e d  t o  see whether t h e  
organic  s u l f u r  v a r i e s  as one approaches c l o s e l y  t o  a s u l f i d e  p a r t i c l e  o r  whether 
i t  remains constant  r i g h t  up t o  t h e  edge o f  t h e  p a r t i c l e .  
t o  see whether the  o rgan ic  s u l f u r  concen t ra t i on  i n  the v i c i n i t y  o f  a s u l f i d e  i s  

That v a r i a t i o n  i s  sketched i n  Fig.  4. The average va lue i s  

We have made a d d i t i o n a l  measurements o f  v a r i a t i o n  o f  s u l f u r  concen t ra t i on  
We were n o t  completely 

Fur ther ,  we would l i k e  
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a l t e r e d  a s  the coal  i s  heated i n t o  the  temperature range where s u l f i d e s  a r e  known 
t o  decompose (some 700 K ) .  

V a r i a t i o n  o f  Organic S u l f u r  Between Submaceral Types 

i n  repeated measurements on some c o a l s  was due t o  random s p a t i a l  v a r i a t i o n  o r  
whether i t  might be due t o  v a r i a t i o n  i n  s u l f u r  con ten t  o f  maceral types. It i s  
known t h a t  the organ ic  s u l f u r  con ten t  o f  c o a l s  v a r i e s  i n  the order  S ( e x i n i t e )  > 
S ( v i t r i n i t e )  > S ( i n e r t i n i t e ) .  Our technique seems t o  have the  c a p a b i l i t y  o f  
determining t h i s  on a f i n e  scale. We have made measurements on a coal  which had 
been separated i n t o  maceral f a c t i o n s .  We used an Indiana bi tuminous coa l ,  PSOC 
106, which had been separated i n t o  maceral f a c t i o n s  by t h e  g r a d i e n t - c e n t r i f u g e  
method employed a t  the  Argonne Nat iona l  Labora tory  (17,18). Our f i r s t  
measurements on t h e  gross maceral types showed t h e  expected general t rend.  For 
t h e  i n e r t i n i t e  the  average was 0.428 we, f o r  the  v i t r i n i t e ,  0.61 wt% and f o r  the  
e x i n i t e  1.2 wt%.  Y u l t i p l y i n g  these numbers by the  known f r a c t i o n s  o f  t h e  maceral 
t ypes  gave an average value o f  0.64 w t %  S, observat ions made by Dyrkacz 
independent ly gave an average value o f  0.57 w t % .  H i s  measurements a r e  discussed 
f u r t h e r  i n  more d e t a i l  (19).  

values, b u t  the  range o f  o rgan ic  s u l f u r  con ten t  f o r  the t h r e e  maceral types. 
p a r t i c u l a r ,  the e x i n i t e s  gave wide v a r i a t i o n ,  from 0.03 t o  2.31 w t %  f o r  t h e  f i f t y -  
f i v e  observat ions made on t h a t  maceral type. 

Measurements o f  b o t h  types a r e  i n  progress.  

We wished t o  see whether the v a r i a t i o n  we'observed i n  o rgan ic  s u l f u r  con ten t  

The most s i g n i f i c a n t  f e a t u r e  o f  these measurements was n o t  the  average 
I n  

We then took maceral f r a c t i o n s  separated on an even f i n e r  sca le  so t h a t  the  

We took 12 d e n s i t y  f r a c t i o n s  o f  t h i s  coal ,  5 e x i n i t e s ,  3 v i t r i n i t e s  
Each was measured independent ly.  Data f o r  these t h r e e  

organic s u l f u r  con ten t  o f  submaceral types could be determined independent ly o f  
each other.  
and 4 i n e r t i n i t e s .  
v i t r i n i t e s  a re  d isp layed i n  Fig. 5. These graphs show t h e  organ ic  s u l f u r  con ten t  
measured over many micron s i z e  p a r t i c l e s  o f  p a r t i c u l a r  d e n s i t y  f r a c t i o n s .  
averages a r e  l i s t e d  on t h e  graphs and the spread about the  averages i s  ev ident .  

The 

A p l o t  o f  the  average organ ic  s u l f u r  con ten t  o f  a l l  12  maceral f r a c t i o n s  i s  . I  

shown i n  Fig.  6. One sees a gradual curve, r i s i n g  from the  dense i n e r t i n i t e s  
toward the l i g h t e r  v i t r i n i t e s  i n t o  the  e x i n i t e .  Then the curve  goes th rough a 
h i g h  value a t  a d e n s i t y  around 1.18, and f a l l s  o f f  toward the  l i g h t e r  f r a c t i o n s .  

/ 

I 

I The peak value o f  o rgan ic  s u l f u r  con ten t  about the d e n s i t y  1.18 i s  
s t r i k i n g .  
we e lec ted  t o  measure the organ ic  s u l f u r  con ten t  o f  an i n d i v i d u a l  s p o r i n i t e  
maceral embedded i n  whole coal ,  n o t  separated from i t s  surrounding by f i n e  

u n t i l  a s p o r i n i t e  maceral was observed embedded i n  surrounding v i t r i n i t e  
macerals. A hole a p p r o p r i a t e  f o r  e l e c t r o n  microscope observa t ion  was m i l l e d  a t  
t h i s  po in t .  The organ ic  s u l f u r  con ten t  o f  t h i s  area was measured from one 
v i t r i n i t e  maceral through the s p o r i n i t e  i n t o  the o t h e r  v i t r i n i t e  maceral. As was 
expected, the  organic s u l f u r  con ten t  o f  t h e  s p o r i n i t e  maceral was much h igher  than 
t h a t  o f  the  surrounding v i t r i n i t e  macerals, see Fig. 7. Furthermore, the organ ic  
s u l f u r  con ten t  r i s e s  sharp ly  a t  the  boundary between the v i t r i n i t e  and s p o r i n i t e  
maceral s. 

Since i t  i s  b e l i e v e d  that the maceral s p o r i n i t e  has about t h i s  dens i ty ,  

/ g r ind ing .  A specimen o f  I l l i n o i s  #5 coal  was examined by r e f l e c t a n c e  microscopy 

r' 

i 
This poses an i n t e r e s t i n g  quest ion.  Is the h i g h  organ ic  s u l f u r  o f  s p o r i n i t e  

a func t ion  o f  h igh  organ ic  s u l f u r  i n  the  i n i t i a l  spore and would i t  be t r u e  f o r  
p o l l e n s  as w e l l ?  We are  examining these quest ions.  

I 
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AMBER 

Amber i s  a f o s s i l i z e d  r e s i n  f rom e i t h e r  deciduous t r e e s  o r  needle t rees .  I t  
i s  ak in  t o  the r e s i n i t e  maceral t ype  i n  coa l .  Therefore we des i red  t o  measure the 
organic s u l f u r  con ten t  o f  amber t o  see how i t  would f i t  i n  t h i s  scheme. A 
measurement on an amber o f  Dominican o r i g i n  showed t h a t  the organic s u l f u r  content 
was low, much l e s s  than I%, and t h a t  i t  v a r i e d  from about 0.14 t o  0.3 w i t h  an 
average value over s i x  measurements o f  0.2 w t %  s u l f u r .  S i m i l a r  measurements f o r  a 
B a l t i c  amber gave an  average value of  about 0.33% organ ic  s u l f u r  w i t h  o n l y  a small 
v a r i a t i o n  about t h i s  mean. 
F ig .  6 which i n d i c a t e  t h a t  r e s i n i t e ,  a low d e n s i t y  maceral, should be on the  lower 
end of a curve such as t h a t  i n  Fig.  6. We a r e  now examining r e s i n i t e  maceral 
f r a c t i o n s  taken f rom whole c o a l s  t o  determine the  v a l i d i t y  o f  t h i s  observat ion.  

elements may be p r e s e n t  i n  o r g a n i c a l l y  d i s t r i b u t e d  form, see Fig. 8. 
I n  a d d i t i o n  t o  t h e  Ka l i n e  o f  s u l f u r ,  l i n e s  f o r  C1, K and Ca are present.  We 
b e l i e v e  t h a t  these elements too a r e  o r g a n i c a l l y  d i s t r i b u t e d ,  a l though one cannot 
r u l e  o u t  the p o s s i b i l i t y  o f  t h e r e  being t i n y  p r e c i p i t a t e s  below the  l i m i t s  o f  
r e s o l u t i o n  o f  the  e l e c t r o n  microscope (some 2 0 4  o r  so).  Since l i n e s  f o r  A l ,  S i  
and heavy metals a r e  absent,  p r e c i p i t a t e s  o f  a c l a y - l i k e  na ture  o r  o f  m i n e r a l s  
conta in ing  i ron ,  copper and o t h e r  heavy metals a re  n o t  t o  be seen. The 
measurement does show t h a t  o rgan ic  elements o t h e r  than s u l f u r  migh t  be detected 
and measured us ing  the  e l e c t r o n  microscope technique, w i t h  a p p r o p r i a t e  
StandardiZdtiOn o f  the  cons tan t  A i n  Equat ion 1. 

These measurements a r e  c o n s i s t e n t  w i t h  the data i n  

Amber a1 so has o t h e r  1 i n e s  i n  the x-ray emission spectrum showing t h a t  o ther  

OIL SHALE 

O i l  shale c o n t a i n s  carbonaceous matter d i s t r i b u t e d  i n  pores i n  the massive 
mineral c r y s t a l s  and a l s o  as an i n t e r p a r t i c l e  f i l m  between the minera l  c r y s t a l s .  
An e l e c t r o n  microscope observa t ion  o f  a t h i n  f o i l  o f  a Green R i v e r  shale from the 
mahogany zone i s  shown i n  F ig .  9. The kerogen i s  the  l i g h t  m a t e r i a l  between the  
dark mineral  b locks.  One a l s o  sees t h a t  smal le r  m i n e r a l s  a r e  a l s o  embedded w i t h i n  
the kerogen f i l m ;  i n  t h i s  p a r t i c u l a r  specimen they are  a phosphate. We have 
measured the organ ic  s u l f u r  con ten t  along a l i n e  i n  a kerogen f i l m  over a d is tance 
o f  about 100 ,,m. 
1.3 w t %  w i t h  an average va lue  over 6 randomly spaced p o i n t s  o f  about 0.4 w t %  
su l fu r .  

S i x  observa t ions  were made; they range i n  value from 0.2 w t %  t o  

We emphasize t h a t  t h i s  technique i s  a va luab le  method of  measuring the  
organic s u l f u r  c o n t e n t  o f  the  carbonaceous mat te r  i n  o i l  shale i n  s i t u .  
Furthermore, the v a r i a t i o n  over d i f f e r e n t  reg ions  i n  t h e  kerogen cou ld  r e a d i l y  be 
determined. 

SUMMARY 

The technique we have descr ibed measures the organ ic  s u l f u r  con ten t  o f  fue l  
m a t e r i a l s  d i r e c t l y .  
d e t e c t i n g  system. 
the  var ious  carbonaceous mat r ices ,  b u t  these a r e  a t  most 5-10%. 
The technique i s  p robab ly  n o t  va luab le  f o r  measuring t h e  average organ ic  s u l f u r  
content of coa ls  where the  standard ASTM method might  be employed, s ince  the  
e l e c t r o n  microscope i s  expensive t o  use and demands c a r e f u l  specimen 
prepara t ion .  
con ten t  of kerogen, t a r  sands and o ther  carbonaceous m a t e r i a l  i n  s i t u .  I t s  
g r e a t e s t  value, though, seems t o  l i e  i n  i t s  a b i l i t y  t o  measure small s p a t i a l  
v a r i a t i o n s  i n  o rgan ic  s u l f u r  c o n t e n t  and i n  de termin ing  the v a r i a t i o n  o f  organic 
su l fu r  c o n c e n t r a t i o n  among maceral types i n  e i t h e r  whole o r  t r e a t e d  coa ls .  
F i n a l l y  i t  has promise i n  de terminat ion  o f  changes i n  o rgan ic  s u l f u r  con ten t  which 
accompany heat t rea tments  o r  chemical t reatments.  

I t  must be standardized t o  a p a r t i c u l a r  microscope and 
Small v a r i a t i o n s  i n  the  p r o p o r t i o n a l i t y  cons tan t  A e x i s t  among 

However, i t  has h i g h  p o t e n t i a l  f o r  measuring the organ ic  s u l f u r  
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F i g u r e  1. S k e t c h  of x-ray d e t e c t i o n  system. 
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F i g u r e  2. Schemat ic  of c o u n t i n g  s i g n a l s .  
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F i g u r e  3. C o r r e l a t i o n  o f  measur ing  t e c h n i q u e s .  
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F i g u r e  4. S p a t i a l  v a r i a t i o n  o f  o r g a n i c  s u l f u r .  
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F i g u r e  8. 
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X- ray  e m i s s i o n  s p e c t r u m  f o r  amber. 
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F i g u r e  9. E l e c t r o n  m i c r o g r a p h  o f  o i l  s h a l e .  
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